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Abstract
Dynamic Building Enclosures is a system of prefabricated, lightweight, kit-of-parts wall and/or roof
elements. This system has the unique capability of dynamically altering, or mutating its shape in
reaction to changing user requirements or site climate conditions through the manipulation of a
mechanically-driven, computer-controlled frame.
The system's ability to actively accommodate multiple functions (potentially with high-performance
specifications) within a single space would make it appropriate and desirable for application to a
broad spectrum of building typologies. It is postulated that industrial fabrication of standardized
elements will increase its economic viability-especially when compared to the multitude of expen-
sive, static, specialized building components it would replace. Since it reacts to optimize environ-
mental performance (temperature, humidity, acoustics, ventilation, and lighting) in changing site
conditions it will also be more environmentally responsive and energy-efficient than conventional
systems.
The objective of this research is to explore the potential gains to users and the building industry of
developing an industrially produced building system without the generally associated drawbacks of
monotonous, repetitive layouts; inflexibility to changes of use, and the inability to adapt to varying
site conditions. The prefabricated kit-of-parts which comprise the system will overlay the comple-
mentary structural behavior of form-active structures (cable, tent and arch systems), and vector-
active structures (trusses and space trusses). The building system design will include: a strut; a
node, which will allow the rotation of the struts to accommodate non-regular geometries, and an
enclosure system which maintains the desired separation of interior and exterior environments for
the various spatial configurations.
Thesis Supervisor: Dr. Chris Luebkeman
Title: Assistant Professor of Architecture
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INTRODUCTION
1.1 Manifesto for Change
The genesis of this research was the search for
the answers to two questions: 1.) Do the static,
non-adaptive building enclosures which repre-
sent the norm in the United States building in-
dustry adequately respond to the constantly
changing demands of life in a dynamic society?
2.) Would a building enclosure system that is
inherently flexible and adaptive to changes be
more appropriate?
Buildings, and more specifically to this study
building enclosures, that don't have the capac-
Figure 2 ity to expand, contract, or change in responseto the dynamic requirements of their users tend
to become obsolete and dysfunctional long be-
fore they have reached the end of their projected
useful life span. (Figure.1) This point, the inevi-
tability of change, and the importance of any
system's capacity to actively adapt to change
are illustrated in the following quotes. "Nothing
is permanent. Everything is in constant flux and
change. (Figures.2&3) Through day and night,
through winter and summer, year after year, from
birth to death, life flows in a timeless cycle-life
in the soil and on the ground, in water and air,
life of man and animal and plant-always in
change and transformation, in rise and fall, in
growth and decline, so that in all nature nothing
is the same at day's end as it was at day's be-
ginning."1
"We know that all living systems exhibit adap-
tive behavior... A self-organizing system main-
tains its existence through a continual interac-
tion with its environment. Changes within the
system or in the larger world invoke an auto-
matic response aimed at restoring a favorable
balance, or homeostasis, between internal and
Figure 3 external conditions." 2 And more specific to
the building industry, K. Lonberg-Holm had this
to say, "Most industrial products are today manu-
factured for useful life spans much shorter and
costing less than those which only recently were
considered essential and economical. But im-
movable human shelters and cities are manu-
factured for a physical life far beyond their so-
cially useful life on the original site, in spite of
the obvious impossibility for any 'planner' to pre-
dict technological progress and socio-economic
changes and to define future needs. The pro-
cedure imposes heavy liabilities on future users
and creates expensive obstructions to growth."
3
The enclosures most commonly used in the
United States 4 (Figure.4) are often designed
and built to the specific requirements of a unique
client and site, or more commonly, built for a
generic client and site. The functional require-
ments of the enclosures and the spaces they
define are perceived as fixed and unchanging
even though the occupants activities change
daily, or even hourly. Their layouts are gener-
ally based on tradition and the experience of
those involved in their design instead of a care-
ful analysis of the requirements of the users and
how these will change in time. In the construc-
tion process, many specialized tradesmen must
use imprecise tools to field-modify and assemble
hundreds of different materials into a fixed con-
figuration. Once built, these expensive, time-
consuming assemblies are not easily changed
without the demolition of the area to be changed
and potential destruction of adjacent finishes.
The fact that the majority of common enclo-
sures fall into this static, non-adaptive category
implies that a vast number of people are living
and working in buildings which are too difficult
and costly to modify, but don't meet their spatial
performance requirements.
Controlling access between interior and exte-
rior environments through doors, windows and
skylights, weather protection from precipitation,
solar radiation, wind, and thermal resistance are
the primary environmental tasks that an enclo-
sure must perform. Many common assemblies,
when performing optimally, accomplish these Figure4
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tasks in a relatively static manner, generally
small windows may be opened a little, a shade
may be lowered and the heat or ventilation may
be increased. While these adjustments may
provide a minimum standard of comfort, they
generally don't respond very effectively to diur-
nal or seasonal changes. As essentially sealed,
mechanically regulated environments, they fail
to make use of the healthful, energy-saving af-
fects of exposure to the natural environment,
when weather permits. Due in large part, there-
fore, to their inability to adapt to varying condi-
tions they often produce and stoically maintain
unhealthy environments which do not emit light
when and where it's needed, are unevenly
heated, cooled and poorly ventilated.
Based on the state of affairs described above,
the degree of accelerating change evident in
our dynamic society, and the ever dwindling land
and material resources for construction projects,
a new paradigm must be investigated which di-
rectly addresses the conflicts created by the
static solutions of the past. The balance of this
research will propose an enclosure system,
Dynamic Building Enclosures, which redefines
the relationship between the users, the enclo-
sure and the outdoor environment from a rigid,
static barrier to a responsive interactive sepa-
ration. (Figure 5) While a system with such
uniquely adaptable properties, may in fact be
especially suitable to special uses, multi-func-
tional spaces or critical climates, a direct identi-
fication is avoided due to a tendency for these
to become a limiting frame of reference.
-igureb
1.2 Objective of the Research
The concept of a dynamic or mutable building
enclosure is a relatively radical, unexplored area
in architecture and engineering and as such
should be considered a new paradigm. Because
of this, the research presented in this thesis will
be broad in scope and necessarily limited in Intimate 2
detail. Due to time and resource constraints
some areas have achieved only a limited de-
gree of development. It is hoped that this body
of work will become the basis for additional, more
extensive research. As a new paradigm, its
appropriateness and viability in providing an
economical, efficient solution to a problem (or
set of problems) must become a central issue
of the research. Figure6
This issue will be evaluated in the context of the
following three performance goals:
1 Systemic and Spatial Performance:
(Figure 6)
" Maximize the potential for adaptabil-
ity to diverse programs and scales Efficiency
of use
* Optimize spatial flexibility with re-
spect to mutability and the potential
variety of configurations
2 Static and technological performance:
(Figure 7)
* Provide the minimum weight-to-span Sustainab
ratio of an efficient supporting sys- Figure 7
tem
* Facilitate sustainable use of materi-
als and energy
" Take advantage of efficient kit-of-
parts industrial manufacturing
* Develop a simple, low-skill and time-
efficient site erection strategy Energy c
3 Environmental performance:
(Figure 8)
* Introduce maximum number of ben-
eficial affects on the inhabitants in
terms of increased comfort and flex-
ibility Inte
ones
Figure 8
vironmental Pe mr~
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Performance
* Facilitate low impact land use-Abil-
ity of the system to harmonize with
the contextual character of a site and
make the most of natural topographic
and climatic phenomena in increas-
ing the efficiency of it's operation
In general terms, the research explores three
aspects of the system design process. A kine-
matic analysis, the first phase, identifies the
appropriate level of mutability in response to the
first and second performance goals. A sectional
model of a space is used to study the changing
ergonomic relationships of the various shape
mutations and full-scale prototypes are used to
evaluate movements in the components and
ensure they are capable of delivering the re-
quired mutations. The system's ability to pro-
duce the widest possible range of spatial solu-
tions in response to diverse site conditions and
user preferences will be critical. The second
phase includes a detailed, robust design of the
frame and enclosing system. An evaluation of
the construction efficiency [manufacture, trans-
port and erection] and structural efficiency es-
tablishes the third, fifth and sixth program goals.
Control and mechanical systems are also iden-
tified and conceptually designed, but a robust
exploration of these areas-while crucial to the
ultimate performance of the system-fall outside
the scope of this research. The third and final
phase of the design will be the development of
two prototype building projects to explore the
architectural ramifications of the system in use
and explore the land use implications.
Low Impact Land Use
Exterior Environmental Performance
1.3 Thesis Organization
The first chapter introduced the concept of dy-
namic change and how a new paradigm in ar-
chitecture-the dynamic or mutable building
envelope offers certain advantages over con-
ventional building technologies. Chapter two will
evaluate the performance of precedent designs
that have similar problem statements and iden-
tify elements that may serve to guide the design
of this system. Chapter three includes a descrip-
tion of the system, two prototypical building de-
signs and a summary of various options that
weren't used in the final solution. Chapter four
evaluates the final system's performance and
chapter five, the final section, will consist of a
brief summary of the research, and some sug-
gestions for future work.
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PRECEDENTS
2.1 Natural Systems
There are many examples of adaptable behav-
ior that causes shape mutations in natural sys-
tems. In all cases the plant, animal, or even
human changes its shape to improve its perfor-
mance under a variety of dynamic conditions.
Two examples that are directly applicable to the
kinds of changes that occur in Dynamic Build-
ing Enclosures (D.B.E.) are the shape mutations
of a common house cat (Figure 9) and a tree
(Figure 10). In the case of the cat, it is common
knowledge that they curl into a ball shape when
they sleep. Cats do this to reduce their exposed
surface area for security and the reduction of
heat loss. The D.B.E. system, by altering its
shape during times of minimal activity or servere
weather conditions, has the ability to reduce the
interior area it defines. This reduction in area
will minimize heating and cooling loads. Under
heavy winds trees twist and sway, their leaves
rotate parallel to the wind direction to minimize
drag and reduce the surface area that the wind
may load. They do this to achieve a more aero-
dynamic shape and reduce the stress on the
roots, trunk and branches. This becomes a clear
analogy to most building enclosure designs when
considered in reverse. If the tree didn't have
this dynamic capacity their leaves would act in
unison like an enormous sail and force the
branches, trunk and roots to become much larger
and more rigid in order to resist this load. The
D.B.E. has the ability, similar to the tree, to au-
tomatically reduce and reconfigure its wind re-
sistant surface area. While this may reduce the
shear mass and cost of the required structural
system in low-rise buildings, it will be a very sig-
nificant reduction in high-rise buildings 5 and
building sites with servere climates.
Figure 10
13
Movement in plants is called tropism. Different
forms of tropism are defined by what force actu-
ates the movement. Two examples are heliot-
ropismo and haptotropism7 . In the example of
the sunflower, which is a heliotrope, irregular cell
growth and decay cause diumal rotational move-
ment in response to the location of the sun. The
D.B.E. has the ability to track the sun for power
generation (with the addition of photovoltaic col-
lection system) and light. Its ability to automati-
cally adjust into a projecting surface will allow
the dynamic control of shade patterns through-
out the day regardless of the season, control-
ling light penetration and heat transmission.
"Some of these [plants] growth movements can Figure 11
be moderately rapid, observable by the unaided
eye over the course of several minutes. Rapid
movements as in the cases of the Venus flytrap(Figure 11) and the mimosa stalk require a dif-
ferent activating mechanism. This mechanism
is fluid osmotic pressure." 8 These plants in-
gest nutrients and defend themselves, respec-
tively, with built-in chemical and mechanical
devices that sense stimuli and react with a con-
trolled motion. In the case of the D.B.E. a net-
work of sensors will detect sunlight, tempera-
ture, humidity, wind pressure variations and the
presence of precipitation and, similar to the Ve-
nus flytrap, actuate a mechanical response.
While the two examples above have related to
the D.B.E. system in the kinds of movements
made in response to certain stimuli, natural sys-
tems may also provide clues to the composition
and configuration of materials to comprise the
moving surface. The jointed bands of overlap-
ping armor on the armadillo (Figure 13) are an Figure 12
example of this ability to control the coverage of
an enclosure during movement. Mankind has
already made use of this overlapping configura-
tion in the ailerons of jet aircraft wings, which
have a similar ability to extend when greater
surface area is needed or retract to a more com-
pact configuration. The D.B.E. uses a similar 'aUd
assembly to allow mutations of a rigid panel
enclosure surface.
Figurel 3
14
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Perhaps the closest natural example, in all re-
spects, to the design of the Dynamic Building
Enclosure system is the human hand. Each of
the four fingers has an interior skeletal struc-
ture of four segmental bones (Figure 14) ar-
ranged in a line. The ball and socket joints, or
knuckles-spaced by cartilage and joined with
ligaments-are essentially pinned connections;
allowing rotation in one direction only. Rota-
tions are actuated by nerves that stimulate the
muscles (Figure 15) wrapped around the skel-
etal system into contracting, or relaxing. "The
skin (Figure 16) is the principal seat of the sense
of touch, and may be regarded as a covering
for the protection of the deeper tissues; it plays
an important part in the regulation of the body
temperature, and is also an excretory and ab-
sorbing organ." 9 The skin that envelops each
finger has varying degrees of malleability and
porosity depending on where it's located. For
example, the skin on the posterior (inner) side
of a knuckle is relatively tightly secured to the
deeper tissues. On the opposite side (outer)
there is a creasing, or folding of extra skin which
is not attached to any substructure. As the fin-
gers are closed into a fist the skin on the out-
side of the knuckle stretches taunt while the skin
on the opposite side bunches up. In effect, the
surface area of the outside has increased and
the surface area of the inside has decreased.
This allows a change of length in this area to
maintain coverage over the knuckle during ro-
tation. In addition, the fingers are articulated in
such a fashion that each can move indepen-
dently of the other. The skin which connects
the base of one finger to the next is quite mal-
leable and allows larger changes in length-both
horizontally and vertically-than any of the other
Figure 16 fingerjoints. The D.B.E. makes use of almost
all of these attributes, from its skeletal system
of a linear, pin-jointed frames, nerve and mus-
cular systems of sensors and nodal drive units
to its skin of flexible membranes and panel ex-
pansion joints.
2,2 Industrial Design
Industrial design is an important precedent re-
source for Dynamic Building Enclosures be-
cause buildings aren't generally designed to
move. Many industrial products, however, such
as wrenches (Figure 17), bicycles (Figure 18)
and automobiles (Figure 19) are designed for
movement . Three common characteristics to
each of these industrial products are: 1.) A com-
pact shape where the center of gravity of the
system with respect to the moving elements is
critical, 2.) A streamlined, aerodynamic form and
3.) Minimized mass of elements that must be
moved. Each of these characteristics has been
carefully incorporated into moving system de-
signs as knowledge of the design process, ma-
terial properties and technological processes
have progressed.
Compact shapes are efficient in moving systems
because any significant mass that has a distance
from the center of rotation creates a moment
force [M = f x d] that requires support and stabi-
lization. The further the mass is from the center
of rotation the larger the moment. In addition,
movement tends to create vibration and har-
monic oscillations in the elements of the sys-
tem, especially when they are a significant dis-
tance from the center of rotation. This has a
destabilizing affect and therefore requires addi-
tional bracing and, in essence, wasted material.
Aerodynamic shapes are efficient in that any
moving object, or mass has a certain resistance
to .air molecules flowing around it. These mol-
ecules [collectively known as the atmosphere]
are always in motion and may be flowing in the
same direction as the moving object, in the op-
posite direction, or any number of angular rela-
tionships with respect to the object. When the
direction of flow and the direction of object move-
ment is known, a tapering, or wedging of the
form in the direction of motion will reduce its re-
Figurel 8
Figure 19
Figure 20
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sistance to the passing molecules. Even though
buildings don't generally move around, archi-
tects use this fluid dynamics concept in the de-
sign of tapered or rounded high-rise buildings
because it reduces the lateral wind loading [flow-
ing of atmospheric molecules] on the envelope.
If, however, the flow of molecules or the mov-
ing object changes direction, adaptable, or multi-
sided tapering must be utilized to maintain effi-
cient operation. This aerodynamic, multi-direc-
tional tapering is illustrated in the smooth,
double-curved surfaces of automobiles, aircraft
(Figure 20) and racing yachts (Figure 21).
Minimization of the total mass of the system is
critical because an object that moves has a re-
sistance to this movement due to gravitational
forces. Resistance to movement increases pro-
portionally to the mass of an object. In mechani-
cal terms, moving extra mass requires extra
power and, therefore increases the cost of the
system. R. Buckminster Fuller raised his con-
cerns about the "price per pound of performance"
in the building materials of his era. Comparing
buildings to automobiles and aircraft, he claimed
that most of the weight of building products used
at that time was unnecessary and ineffective.
This observation becomes much more critical
in the need to minimize the mass of the Dynamic
Building Enclosure system.
Movement in mechanical design occurs as the
result of an applied force of rotation or transla-
tion. Worm drives, cable drives and gear drives
produce rotations, where as hydraulic pistons
produce translations. Each of these devices
essentially converts energy in one form (i.e. elec-
tric, steam, combustion, etc.) and applies it to
the driving mechanism to produce a force thatFigure 21 may take the form of a rotation or translation
which is used to push, pull or turn another por-
tion of the system. The forces produced by these
energy conversions become particularly effi-
cient-multiplying the input force many times-
when coupled with a lever. The wrench uses
this principal in a very simple way. The human
hand turning a nut on a bolt relies almost en-
tirely on the force of the hand to drive the nut
because the distance between the hand and the
nut is negligible. The wrench extends the point
of application of the input force, based on the
length of the handle, a certain distance away
from the nut, thereby increasing the moment
force that drives the nut. (Figure 22) In a simi-
lar manner, a large gear attached to the pedals
of a bicycle (Figure 26) creates a large moment
force that drives a small gear and spins the tire.
A single rotation of the large gear can rotate the
tire several times. Mountain bikes, having both
small and large pedal gears, can reduce the
amount of force the rider needs to apply to start
the bike [with the small gear] and once the bike
has enough momentum, switch to the larger
gear to increase the moment spinning the tire CANWWL
gear.
Kinetic Architecture 10 offers some additional
information on variability and the associated
complexity of the motions of single and multiple
function machines. In the list below the authors
have classified man-made machines or indus-
trial designs by variability and control into the Figure 23 Figure 24
following four levels of adaptability:
* Level One Singly-variable, human
controlled (Figures
23&24)
These are single, repeti-
tive operation machines;
simple tools such as the
lever, or pulley.
* Level Two Multi-variable, human
controlled
These machines began
to be developed in the
nineteenth century; they
were more complex and
performed multiple func- Figure 25
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" Level Three
" Level Four
tions. Examples include
the sewing machine and
typewriter. Automatic
controls were developed
early in the twentieth cen-
tury.
Multi-variable, automatic
control
Sensors to detect imput
data and computers to
evaluate and actuate a
response are added to
these machines to allow
automatic control. They
include: CNC tooling,
automobiles and aircraft
Multi-variable, heuristic
control (Figures 27&28)
These machines are
similar to level three, with
the addition of a learning
capacity. They fall into
the fields of robotics and
cybernetics.
In general, as the level of variability and au-
tonomy of control increases, the complexity and
cost of the associated machinery increases.
Considering the list, the general information
above and the principal operational goal of fa-
cilitating the maximum spatial diversity with the
minimum amount of mechanization (Figure 29),
three design objectives for the Dynamic Build-
ing Enclosures system become apparent. Keep
the mechanical system compact, lightweight and
simple to simultaneously reduce the complexity
and cost of the system and increase its effi-
Figure 26
Figure27
Figure29
ciency. (Figure 25) Utilize a linear frame to fa-
cilitate simple, efficient rotational movements
and minimize kinematics complexities. (Figure
25) Take advantage of small, high-performance
unit-type drive assemblies to make more affec-
tive use of input power and increase flexibility.
The level of variability required by the system
will depend on what types of motion are required
and this will be explored in chapter three, but
from an efficiency standpoint, level one adapt-
ability would be the most appropriate since the
task is to produce a rotation. Control require-
ments are more complex. Two types of con-
trol-one manual and one automatic would be
appropriate in the system based on the fact that
it should respond to user input and climate
changes. The control for user input could be
voice activated, or by interfacing through a con-
trol monitor. Shape transformations in response
to climate changes would most efficiently be
controlled with sensors attached to various
points of the enclosure, both inside and out.
Some kind of safety device, or warning system
would be required to arbitrate between conflict-
ing user desires and climate changes.
2.3 Architecture
The developments of building enclosures that
actively adapt to program and climate changes
have historically taken one of two directions.
Either the enclosure was made to move from
site-to-site, or became a stationary system that
incorporated a range of flexible elements. Two
precedents of the former are nomadic tents (Fig-
ure 30) and tee pees. These enclosures were
developed to be quickly erected from a small
number of lightweight components on a variety
of different sites. Since the inhabitants migrated
to maintain climatic stability and their activities
didn't significantly change, the form and pen-
etrations of their enclosures remained essen-
tially the same in each place. Stationary enclo-
sures, (Figure 33) on the other hand, were fun-
damentally different because they were erected
to withstand the ravages of seasonal climate
changes and time. Elements of these enclo-
sures that formed the beginnings of an adapt-
20
Figure 30
Figure 31
Figure 32
Figure 33
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Figure 34 Figure 35
able capacity included operable doors, windows
and shading devices. In essence, these ele-
ments allowed the inhabitants to experience the
controlled affects of the exterior environment
from inside producing some healthful benefits
of natural ventilation, thermal control, natural
day lighting and shading from the bright sun.
While there were obvious environmental ben-
efits to increasing this flexibility, technological
limitations of heavy, load-bearing building en-
closures severely restricted development.
These two enclosing approaches of light, trans-
portable membranes, or heavy, stationary bar-
riers remained disparate and relatively un-
changed until the technological developments
of the Industrial era began to remove some of
the constraints. Chris Abel in his article on the
works of Norman Foster, From Hard to Soft
Machines", describes the advances after this
era, the last century and a half, as two "Machine
Ages".
In the first Machine Age, which roughly began
in 1860 with the construction of the Crystal Pal-
ace, (Figure 37) architects responded to devel-
opments in industrial products such as electri-
cal generators (Figure 35) and locomotives (Fig-
ure 34) by replacing the art and craft of archi-
tecture with the modular components of indus-
trial production. Development of the load-bear-
ing frame (Figure 36) removed many of the pre-
vious technological restraints to enclosures, al-
lowing them to become lighter, thinner and more
open. This is evident in the work of the
Constructivists, (Figure 38) Futurists and De Stijl
that exploited the new materials and construc-
tive techniques developed by these industries
to develop open plan spaces and glass curtain
walls. By the late 1920's the work of Mies Van
Figure 36
Figure 37
Figure 38
Der Rohe, (Figures 39&41) Walter Gropius (Fig-
ure 40) began to investigate universal, or ide-
alized building forms which vastly simplified cer-
tain aspects of the construction process through
prefabrication and simplification of finishes. Al-
though these universal forms often accommo-
dated changes [within the enclosure only], they
tended to provide an uncomfortably loose, ster-
ile fit for any program. Another example of
adaptability, while not directly applicable to this
research topic, developed during this period was
the Schroder house. (Figures 42&43) This
project, designed in 1924 by Gerrit Reitveld,
exploited the space saving devices of movable
partitions and furniture. In addition to allowing
the house to have a smaller, more economical
footprint, they accommodated the dynamic po-
tential of using large open space, or closing off
zones to divide the floor into smaller rooms.
While the envelope is still a static element in
this example, the movable partitions and furni-
ture are appropriate for use in the D.B.E.
The two changes in the architecture of this pe-
riod that had the most profound impact on the
adaptability of building enclosures were the use
of lightweight prefabricated components and the
development of flexible interior space. Both of
these changes were made possible by the tech-
nological development of the load-bearing frame.
In addition, due to the simplification and unifor-
mity of the finishes, or adjustability of interior
partitions and furniture, it was proposed that
changes in the lifecycle of the buildings would
be less destructive than those of earlier peri-
ods.
In the second machine age, brought about in
the late 1950's by the space programs of the
former Soviet Union and the United States, ar-
chitects were again looking toward the advances
in other industries to improve building design and
construction. This time as Chris Abel describes,
"it is around the versatile microprocessor, (Fig-
ure 45) rather than the inflexible mass-produc-
tion line, that the emergent architecture of the
Second Machine Age centers.12 Two projects
that exemplify the adaptability achieved in the
buildings of this era and the resulting develop-
22
rigure 4u
Figure 42
Figure 43
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ments to building envelopes are Norman
Foster's Hong Kong and Shanghai Bank of 1986
(Figures 44&46) and Renzo Piano's IBM Trav-
eling Pavilion of 1982. (Figures 47&48)
The Hong Kong and Shanghai Bank, a thirty-
Figure 44 six-floor bank and office high-rise in downtown
Hong Kong, effectively applies many principals
of adaptability. Its perimeter walls (Figure 44)
incorporate operable interior shading devices,
exterior sun louvers, variable mechanical ven-
tilation diffusers and large modular glazing units
into an integral prefabricated assembly. A com-
Figure 46 puter-controlled tracking sun scoop (Figure 46)
Figure 45 is incorporated to actively reflect sunlight into
the multi-story banking hall. Utility systems and
toilets are housed in articulated box-type mod-
ules that may be efficiently removed from the
building for servicing or upgraded for expansion.
In addition, efficient flexible manufacturing sys-
tems and CNC machining processes are used
to prefabricate a large percentage of building
systems.
Figure 47
In contrast, the IBM Traveling Pavilion-a small,
demountable shelter-visited nineteen countries
throughout Europe in the late 1980s displaying
the latest wares of IBM. This building, includ-
ing segmental arched enclosure, floor panels
and utility systems, was entirely prefabricated.
(Figure 48) The polycarbonate pyramids and
laminated wood strut components of the vaulted
enclosure system (Figure 47) were selected for
weight reduction, transparency and simple erec-
tion. The entire sixty five hundred square foot
building could be efficiently loaded on to eigh-
teen forty-foot long trucks and moved to another
site where fifteen workers would reassemble it
Figure 48 in three weeks.
23
Both of the previous examples are extremely
appropriate precedents for the D.B.E.-using
materials selected for performance, taking ad-
vantage of innovative manufacturing and erec-
tion techniques and providing the flexibility of
an open plan and mobile, adaptable elements.
While this is true, few truly mutable building en-
clures exist. Most of this work is not truly mu-
table, but deployable, or adaptable in the sense
of having two configurations: open and closed.
The traveling theaters of the Spanish architect,
Emilio Perez Pinero (Figure 50) and the more
recent Ins dome (Figure 51) and expanding geo-
desic dome of Chuck Hoberman are examples
of these structures. These constructions tend Fi re49
to be either small, temporary shelters, or the op-
erable roofs of very large public stadiums. In
addition, none of these constructive systems
have the ability to adapt to site climate changes.
Based on this assessment, much fertile ground
for research exists in the area of truly mutable,
adaptable building enclosures.
From the initial disparate enclosing approaches
of light, transportable membranes and heavy,
masonry barriers to the lightweight modular
materials and operable climate control devices
of later systems a common line of development
has been consistent. New materials, fabrica-
tion processes and constructive techniques have
been used to provide adaptability to accommo-
date specific requirements of diverse functions,
maintain control of the interior environment while
reducing the barriers to the healthful affects of
the natural climate and simplify the construction Figure 50
process. While all of the examples cited in this
section have in some way demonstrated aspects
of this line of development, the Dynamic Build-
ing Enclosures system has directly addressed
all of these issues in its design. As a synthesis
of the lessons learned by adapting appropriate
natural processes, utilizing the latest technologi-
cal developments in industrial products and gain-
ing experience from related architectural devel-
opments, the D.B.E. attempts to pave the way
for the next wave in intelligent design and build-
ing construction.
Figure 51
C410
THE SYSTEM
The encyclopedia of Architecture Design, Engi-
neeing and Construction describes building en-
velopes [or enclosures] in the following passage:
"The main function of building envelopes is to
separate the interior environment from the exte-
rior. In this respect, envelopes have been de-
scribed as the skins of buildings. Building enve-
lopes consist of components with specific func-
tions and properties. Envelopes often serve as
a part of the structural system, accepting loads
from the building itself and from occupancy.
Envelopes must be designed to withstand struc-
tural loads from wind and snow. In earthquake
zones, special structural requirements apply."13
3.1 Description
The Dynamic Building Enclosures constructive
system (D.B.E.) (Figure 52) is composed of six
major elements: the strut, end nodes, outriggers
and lateral beams, an enclosure (membrane or
panel) and connective elements that join the
assembly together. These may be assembled
in many different combinations to achieve vary-
ing building configurations. In addition to these
elements, there are mechanical systems includ-
ing unit drive assemblies, safety breaks, locking
mechanisms and a control system. A function-
ing building would, of course, have additional
components such as flooring, ventilation, climate
control (depending on climate requirements)
plumbing, electrical and telecommunication sys-
tems. Each of these systems, while necessary
for the proper functioning of the building, falls
outside of the scope of this research. Although
they will not be designed specifically for this en-
closure system, provisions have been made for
integrating a variety of available systems.
Figure53
25
Figure52
Architectural implications of the use of this sys-
tem may range from the relative anonymity of a
few small experimental facilities in extreme cli-
mates to communities of suburban tract houses
and urban office towers subtly undulating and
shifting as the hours of the day pass. It is an
unusual architectural design due to its "shape-
less" character. While this shapeless charac-
ter and intermittent motions will initially tend to
catch the attention of passersby-the human eye
is extremely perceptive of motion-the intimate,
somewhat symbiotic relationship the system will
have with the building site and changes in cli-
mate may ultimately reduce perception. The
building enclosure, as an assembly of mechani-
cal bones, muscles, nerves and skin, will be a
cybernetic machine, but may, through its con-
nection and dependence on the natural environ-
ment, begin to blur the boundaries between the
man-made and the organic. Human beings
have used machines to add comfort and sim-
plify their lives for centuries. The functional as-
pects of this particular machine, the D. B. E.,
will allow users to enjoy the healthful benefits of
the natural environment as it changes in an un-
precedented manner. Within the enclosure, us-
ers performing everyday tasks, or highly-spe-
cialized procedures all of which require varying
volumetric, acoustic, lighting or climate condi-
tions, will benefit from the ability of the system
to provide custom-tailored spaces on demand.
Changes that occur to the building, or the users
during the system's projected useful life will be
easily accommodated by adjustments in the
mutable surface, or by adding, changing, or re-
moving modular components.
The following paragraphs describe the major
elements of the system, how they are connected
together and how they function as an integrated
assembly.
3.1.1 Strut
In addition to being the primary supporting ele-
ment, the strut is the workhorse of the system,(Figures 56&57) providing attachment points for
the mechanical components that drive the sys-
tem, electrical raceway, interior and exterior fin-
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ish surfaces, and required thermal insulation.
The strut is a 2.5-inch diameter, 48-inch long
hollow pultruded carbon fiber tube. Wall thick-
ness varies between 0.125-inch and 0.25-inch
depending on internal stresses; the tube is
thicker at the ends where it becomes bonded to
the stainless steel sleeves. Material thickness
must be varied due to the fibrous composition
of carbon fiber that tends to make it delaminate
and fragment under high, localized bending
stress. Carbon fiber was chosen due to its un-
usually high performance per pound, having a
yield strength of 150,000 psi (pounds per square
inch), modulus of elasticity of up to 20,000 psi
and density of 0.0477 lb/cuin (pounds per cubic
inch). In comparison to Grade 50 structural steel,
it is three times as strong, seventy-percent as
elastic and six times lighter. Weight reduction
was an important goal to minimize mechanical
stress, reduce the necessary size of the sup-
porting frame and simplify site erection. In ad-
dition, carbon fiber is not aversely affected by
the presence of moisture in the atmosphere. Its
cool, metallic gray surface needs no additional
finishing. Each thickened end is bonded with
an adhesive to a high-strength stainless steel
threaded sleeve. This sleeve has a large sur-
face area for bonding to the inside of the carbon
fiber tube and allows simple attachment of three
different end nodes.
3.1.2 End Nodes
The end nodes (Figures 58-60) have three dif-
ferent forms, a male and female end for pin con-
necting one strut to another and one to termi-
nate the system at an edge. These nodes con-
trol rotation and therefore mutability in the sys-
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tem. In addition, the nodes provide attachment
points for the mechanical components that drive
the system and elements to secure the ends of
the outrigger assemblies. Connecting nodes are
composed of milled high-strength stainless steel
plate [approx. 0.25-inch thick]. This is thickened
into a conic shape the diameter of the strut and
milled into a two-inch diameter threaded rod at
the end which will fit into the corresponding
tapped end of the strut sleeve.
The male connective node (Figure 61) is a 5-
inch diameter disk in elevation with a 0.5-inch
inside diameter roller bearing set in its center.
This disk has a centered, 3.5-inch diameter
[approx. 0.25-inch thick] geared ring milled out
of it and a series of 0.1875-inch diameter holes
which ring the disk 0.375-inches from the edge.
The geared disk, the element that will be me-
chanically actuated to rotate during shape trans-
formations, will fit into a counterpart disk in the
female node. The series of holes accept a pair
of locking pegs (opposite ends of the disk) that
are mechanically pushed into the holes when
the desired rotation has been achieved. As a
measure of safety and efficiency, the pegs al-
low the drive assembly to shut down when the
transformation is complete and the has finished
rotating.
The female connective node (Figure 62&63)has
two plates, roughly oval in elevation [7.5-inch
long, 5-inch high and 0.25-inch thick] that are
similarly thickened and joined at the end that
attaches to the strut sleeve. The space between
the plates allows access to the male end of the
next strut. A 0.5-inch inside diameter roller bear-
ing is also set into each plate on this end, how-
ever this is offset from the center of the oval to
allow space for the drive assembly and outrigger
attachment. This node includes hardware to
secure the unit drive assembly, roughly at the
center of the oval and the locking peg mecha-
nism. In addition, the outrigger sub-assembly
is also secured to the plates in a triangular con-
figuration, centered on the 0.5-inch roller bear-
ing or the center of rotation.
Figure60
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3.1.3 Outriggers and Lateral Beams
The outriggers maintain lateral stability, provide
a means for connecting one line of struts to an-
other and, most significantly, permit variations
to the plan layout of the D.B.E. system. These
outriggers are three 0.75-inch diameter hollow,
high-strength stainless steel tubes which have
varying lengths [from about three-inches to eigh-
teen-inches]. They are welded into a cast node
at the apex of the tetrahedron and fitted with
milled pin connections at the other three ends
from which they are secured to seats in the oval
plate of the female end node. The apex cast
node incorporates a 0.5-inch roller bearing to
connect another line of struts and welded tabs
that receive lateral beams which are pin con-
nected to the 1.25-inch diameter hollow, high-
strength stainless steel tubes. These tubes
connect the end of one outrigger to the end of
the next producing the triangulated configura-
tion necessary to laterally stabilize the system.
3.1.4 Enclosures
Two types of enclosures are appropriate for use
with the D.B.E. system, membranes and pan-
els. Both soft and hard surfaces, respectively,
offer a broad range of finishes, textures, light
transmitting values and operability options.
Length changes that occur in the enclosure as
it mutates into a desired form are particularly
critical to the proper functioning of the system.
The surface area of the enclosure must increase
in some areas and decrease in others. This is
very similar to the behavior of skin on the hu-
man hand described in chapter two. This phe-
nomenon is variable, but predictable. The two
basic types of length changes are 1.) Planar
changes; at the nodes as they rotate, and 2.)
Figure 62
Figure 63
Bi-planar changes; between the lines of struts
which are rotating out of plane. In contrast, the
areas surrounded by outriggers and lateral
beams can be relatively stable. While areas
that are subjected to length changes may be
accommodated with a highly elastic membrane
or rigid panel system with a special type of ex-
pansion joint, neither solution is simple.
Membranes with the degree of flexibility required
to provide the full range of system transforma-
tions are not currently available in the building
industry. Since building enclosures are gener-
ally not designed to accommodate shape muta-
tions and building membranes (Figures
64&67)are generally designed to stretch only to
accommodate the desired load-bearing tension
in an articulated configuration, there has been
no need for a membrane with such properties.
The fashion industry however has done exten-
sive research and development of highly mal-
leable textiles. Although textiles in the fashion
industry are developed for use as clothing, (Fig-
ure 66) many of the products made for outdoor
use (Figure 65) have properties, waterproofing,
insulation, resistance to ultraviolet degradation
and the ability of accelerating evaporation, which
would be appropriate for use in the building in-
dustry. As an example, Dupont Lycra, a high-
performance, man-made spandex fiber, which
stretches up to five times its original length, dis-
plays the level of malleability required by the
system. Since spandex fiber has the ability to
be combined with other fibers, a building mem-
brane that accommodates the required length
changes with the additional properties neces-
sary in a building envelope may be engineered.
The potential to further penetrate the building
industry market may induce textile manufactur-
ers such as Dupont, Gore or Goodyear to make
the substantial investment in research and test-
ing that would be required before a membrane
could meet the building industry performance
and code requirements.
The membrane forms a continuous interior and
exterior surface over the frame integrating
weather protection, thermal insulation, lighting
and interior and exterior finishes. (Figures
Figure 65
Figure 66
Figure 67
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70&71) Stainless steel grommets at the con-
nection points and material reinforcing in areas
subjected to high stress are elements of its de-
sign. Connection points are provided on both
interior and exterior surfaces at the node through
a small attachment device. The device, a semi-
spherical stainless steel clip, is threaded and
pinned into a plate that is secured to the back-
side of each of the outrigger seats. A mem-
brane is secured by placing the grommet hole
over a tapped hole in the center of the spherical
Figure 68 0 11N 411 clip that is spaced with compressible neopreneCM washer seals. Another clip section (opposed in
direction) is then screwed into the tapped hole.
Compression of the neoprene washers creates
a watertight seal. Both convex and concave
articulations are accommodated due to the op-
posed, semi-spherical configurations of the clips
that allow the membrane to stretch evenly (with-
out any sharp angles or points) over their sur-
face. With the addition of a small attachment
device lighting may also be integrated within the
membrane, or at panel joints at the line of struts.
Figure 69 This is especially effective when the interior
membrane is present because the entire sur-
face may be back illuminated similar to the lu-
minescent ceiling panels on Renzo Piano's
Kansai International Airport terminal (Figure 70)
or the translucent metalic skin of Toyo Ito's
Tower of the Winds. (Figure 71)
Panels, which may be selected from a variety
of available manufacturers, include point-sup-
ported glazing, aluminum and glass curtain wall
and lightweight insulated metal systems. In this
case an open systems approach was achieved
with the design of an attachment device that
could accommodate several different types of
panel systems. Most of these panel systemsFigure 70 Figure 71 have standardized rectangular dimensions
D.B.E. systems with rigid panels (Figure 73) do
not provide the same degree of mutability as
thoes with membranes due to the rectangular
grid configurations and rigidity of the panel sys-
tems. Since the grid is rectangular, one line of
struts and its associated rigid panels must be
tied along its entire length to the next and a se-
ries of cross bracing members must be added
to maintain lateral stability. This necessary ri-
gidity eliminates the shape flexibility of bi-planar
mutability acheived with membranes and allows
only planar rotations about the nodes. Even this
degree of mutability, however, requires length
changes at the nodes. These are accommo-
dated with the use of one of two specially de-
signed expansion joints. A "hard" joint (Figure
74) has been developed borrowing concepts
used by two of the precedents mentioned in
chapter two, armadillos and jet aircraft ailerons.
This assembly is a cylindrical form [three-quar-
ters of a circle in the open position] composed Figure 73
based on a sixteen-inch accepted building in-
dustry material standard, or a multiple thereof.
Although generally reliable, this standard is not
universally accepted. The strut length and
outrigger spacing accommodate the standard
allowing forty eight-inch square panels, a com-
mon size commercial window or insulated metal
panel, to be used without any site modifications.
The potential to use varying strut and outrigger
lengths within a defined range will also contrib-
ute to the ability of the system to adapt to vari-
ous manufacturers' unit standards. Attachment
of the panel to the frame (Figure 74&75) is made
with a stainless steel C-clamp that has a 2.25-
inch tapped post milled out of one end. This C-
clamp is bolted to the exposed portion of the
strut sleeve. A T-shaped stainless steel seat,
threaded into the C-clamp, forms the platform
that supports the edge of the selected panel.
Another T or L-shaped extrusion, with identical
dimensions is side bolted into the seat, capping Figure 72
the assembly. In addition to providing a blind
bolted finish mullion to the panel system, this
element also serves to compress the panel
edge-keeping it secured to the system in shape
configurations that might otherwise cause the
panel to fall out.
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of overlapping extruded aluminum leaves. The
leaves, four on each side of the node, are
screwed into the panel seat T opposite the panel
edge. This connection is finished with an ex-
truded stainless steel trim that clips into the T.
Each leaf is secured to the next in the assem-
bly by clip angles that use roller bearings and a
molded rubber lip to ensure proper alignment,
smooth action and a continuous, watertight sur-
face. As the open assembly closes, pivoting
around the rotating node, a small ledge secured
to the base of the C-clamp makes contact with
the leading edge of each leaf and pushes it into
its closed quarter circular form.
The "soft" joint (Figure 75) uses double sections
of membrane with expanded or piped edges
which slide into extruded clamps. These clamps
are secured to the opposite side of the T-
extrusionbetween panel sections so they cover
the area of the node. The malleable membrane
streatches to accommodate the mutation.
The addition of photovoltaic cells (PV) to the
enclosure surface could provide electrical au-
tonomy, powering the mechanical elements of
the system and potentially the additional elec-
trical systems in the building. In addition, as a
mutable surface, the D.B.E. would have a unique
ability to optimize solar collection by tracking the
sun. Since recent developments in PV tech-
nology have made thin film applications possible
they may be adhered to very demanding shapes
such as doubly curved surfaces of tent struc-
tures, or the membrane enclosure of the D.B.E.
Figure 77
3.1.5 Mechanical Systems
While most of the mechanisms in section 2.2
were considered and several were applied and
tested, the D.B.E. system (Figure 78) in its final
form adopted a simple geared mechanism to pro-
duce a rotational force at nodal points in the lin-
ear frame. The mechanical system includes: unit
drive assemblies, safety breaks and locking I
mechanisms. Unit drive assemblies are small,
high- performance electric motors, mounting -
seat, gear drive components (Figure 79) and a
lightweight housing. One assembly is secured
to each node on the female end and is desig-
nated the task of facilitating the rotation of that
node. This nodal drive concept, as opposed to
a central drive for many nodes, was adopted Figure 78
early in the design process. Reasons for this
decision include the following: 1.) The system
would not need to be tethered to a large central
drive, limiting layout flexibility and occupying
valuable floor space; 2.) Coordination of cen-
tral drive unit sizes with the maximum number
of struts it could operate would be eliminated;
3.) Mechanical problems with nodal drives would
only affect a single node, as opposed to the
entire system and 4.) Maintenance of nodal
drives would be easily accommodated by low-
ering the drives to a height where they could be
serviced, or replaced.
As a result of the decision to use the nodal drive
concept, minimizing the size and weight of the
drive units was critical to the design of the sys-
tem. In a rough calculation, based on the esti-
mate that the weight of a single line of struts in
an arched configuration [38ft. dia.] would be ap-
proximately two hundred fifty pounds, the power
provided by each nodal motor was sized to two
hundred fifty watts. This power requirement
could be easily handled by a single horsepower
motor [1 hp=745W], which could be as small as
atwo inch diameter cylinder, two inches in height
and weighing as little as 4.5lbs. Given the mini-
mal size and compact shape of this unit, it could
easily be attached with a mounting seat to the
outside face of the female node surrounded by
the outriggers. In addition to this being a con-
venient and protected mounting position, it would Figure 80
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not substantially offset loading and potentially
destabilize the system since it is only two inches
from the pivot point of the node. Including the
associated mounting seat, gear drive compo-
nents and a lightweight housing, this would only
add approximately six pounds to each node, or
a twenty-five percent increase to the system.
The other two major elements of the mechani-
cal system, the safety breaks and locking
mechanisms are components which prevent the
nodes from rotating during a power failure or
mechanical problem and lock the node into a
particular angle when not in rotation. Safety
breaks are common elements of many mechani-
cal devices such as cable cars and elevators-
they may be magnetic, or use friction to impede
movement. They are triggered by a loss of
power or a sensed anomaly in the system. The
locking mechanism used in this system is a pair
Figure 82 of electrically activated plunge pins that protrude
out of two tubular stainless steel housings.
These appendage housings extend in opposed
directions from under the drive unit beyond the
edge of the female node where they are cen-
tered over the holes along the male nodal disk.
In operation, the node rotates in increments
defined by the spacing of these holes to the
desired position and stops. The pins in the lock-
ing mechanism are then extended through the
holes on opposite sides of the disk and into a
receiving housing attached to the opposite side
of the node. Once the pins are in place, the
motor of the drive assembly powers down and
the pins maintain the position of the node.
Figure 83
3.1.6 Control Systems
Control systems (Figures 82&83) are the elec-
tronic networks which sense interior and exte-
rior climate changes, interpret user input, and
communicate instructions to rotate the nodal
drive units. Control systems in "Level 4" adapt-
able machines, (Figure 83) as described in the
book Kinetic Architecture 14, include continuous
input to a sensor which is relayed as a set of
instructions to an energy conversion unit for ac-
tivation. The level of sophistication in this kind
of a system would be appropriate for interior and
exterior climate (precipitation, temperature, hu-
midity, ventilation, wind loading and potentially
lighting) control. In the case of user preferences,
however, a much simpler system, (Figure 82)
potentially activated through voice control, a
manually operated control panel or computer
station, would suffice. Based on this, a dual
control system is being proposed with an over-
ride capability. The override would monitor po-
tential conflicts between user-input control and
the climate controlled shape optimization. This
would be especially critical in climate changes
including heavy precipitation, or wind loading,
or user input that might affect the structural ca-
pacity of the system. The system could respond
to such conflicts with a warning signal, or in po-
tentially critical situations automatically adapt the
form of the enclosure to eliminate the threat.
A final element of this section, electrical and data
wiring will be kept to a minimum through the use
of "no new wire" technology3. Wiring will run
along each line of struts, powering the nodal drive
units and locking mechanisms. This presents
the benefit of using the enclosure as a source of
power for lighting (Figures 87&88) and other pe-
ripheral electrical systems generally associated
with building spaces. A system of organizing
and protecting the wiring will be a necessary el-
ement in the design. Connections and splices
will need to be accessible and some provision
for later additions or modifications to the sys-
tem will need to be included. Due to the muta-
bility of the system provisions must be made for
allowing flexibility at the nodes. Three general
concepts, which need to be further evaluated, Figure 87 Figure 88
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should be considered, 1.) Use the carbon fiber
struts as raceways, milling out sleeves into the
nodes for connections and splices; 2.) Add an
appendage to the strut in the pultruding process
that will house the wiring, or 3.) Develop a clip
or spine (Figure 85) that attaches to the strut
sections.
While the mechanical and control systems in
the D. B. E. are still underdeveloped, it is intended
that the information presented here represents
a basis, establishing a credible path of further
researcht.
3.2 System Configurations
This section describes mutability and the diver-
sity of configurations the system, as a prefabri-
cated kit-of-parts, may produce when its ele-
ments are assembled in different combinations.
In addition, the section establishes a range of
acceptable "scales of use," or relative sizes ofFigure 89 enclosures the system may produce.
Mutability (Figure 89) occurs as a result of the
nodes rotatingin the frame. Each strut in an
articulated configuration may rotate one hundred
eighty degrees, ninety degrees clockwise and
ninety degrees counter clockwise, about an ad-
,A 4,jacent strut in a connected line of struts. (Fig-
ures 86&90) When several lines of struts are
joined together a plane is formed which defines
F1 the enclosure and mutable plane. With con-
cave, convex and combinations of sectional con-
figurations a broad range mutability is achieved.
The rotations of struts may occur "in plane,"
where all the adjacent nodes on each line ro-
tate with the same direction and angle. This
type of mutability may occur with membrane or
Figure 90 panel enclosures. Several lines of struts may
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also produce bi-planar rotations, where adjacent
nodes in each line may rotate in varying direc-
tions and angles, but this is only possible with a
membrane enclosure system. Although bi-pla-
nar rotations limit enclosure material selection,
an entire dimension of mutability is added to the
enclosure including complex, three-dimensional
synclastic and anticlastic curvatures. (Figure 91)
An important objective of the research was to
develop an efficient, industrially produced build-
ing system without the generally associated
drawbacks of monotonous, repetitive layouts,
inflexibility to changes of use and the inability to
adapt to varying site conditions. As described
in section 3.1, lines of repetitive elements (struts
and outriggers) are connected into a grid con-
figuration that forms the mutable, enclosing sur-
face. (Figures 91,94&96) This grid, by varying
the lengths of either struts, or outriggers may
enclose space in an Euclidean (rectangular or
triangular), or non-Euclidean (curvilinear) form.
(Figure 91) The example of a thirty-eight foot
wide by forty-four foot long barrel vaulted enclo-
sure will be used to illustrate the range of forms
the system may take. If, for instance, the
outriggers on one side of a line of struts are
longer than those of the other side, the enclos-
ing plane will curve toward the longer side. This
device makes a multitude of plan configurations
possible including L-shapes, C-shapes, H-
shapes and O-shapes (Figure 93) in addition to
the I-shape displayed by the reference example.
(Figure 94) Several different types of edge con-
ditions-where the system meets another sur-
face, such as the ground, are possible including
open and closed ends perpendicular to the lines
of struts. These ends, if open, may have vary-
ing edge conditions by manipulating the outrigger
lengths. In reference to the barrel vault, the
edges shown as two triangles joined at a point
in the center of the arch could be a straight edge,
or a single triangle which is widest at the top,
etc. By manipulating the nodal positions, vary-
ing heights and sectional forms are realized as
an active form of mutability. An additional form
of active mutability, the opening or closing of
the side of the vault, may be accomplished with
the addition of a secondary support. This sup-
Figure 91
Figure 92
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Figure 93
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port, connected to each node, runs along the
length of the vault and is supported at each end
with a laterally braced column.
Since the system is an enclosure, it may be used
as a wall surface, or a roof surface, or both. (Fig-
ure 95) It may be used as a freestanding ele-
ment, or in conjunction with another building
system, such as a stone wall or load-bearing
steel frame. This will permit use in retrofit work
as well as new construction. The grid frame is
Figure 95 capable of supporting load perpendicular to ei-
ther axis (struts, or outriggers). This allows the
system to be set on edge, with the outriggers
bearing gravity loads, facilitating plan mutations
as opposed to the sectional mutations provided
when the struts are resisting gravity loads. In
this configuration it may form a fagade of a high-
rise building. (Figure 96)
Since the fagade is a mutable surface, the
method by which the enclosure would meet
the stacked floor planes, which would not mu-
tate, must be considered in the following two
examples. The D.B.E. could be used as the
outer surface of a double skin, mutating inde-
pendently of the inner enclosure. This would
present the formidable challenge of minimizing
the space between skins to facilitate the buoy-
ancy driven air flows desirable in double skin
designs while simultaneously mutating as re-
quired to reduce lateral wind loading. Another
potential concept would cantilever the D.B.E.
off the floor plates enough to facilitate the re-
quired mutations. It must be noted that the
ability of the outriggers to support gravity loads
is not as efficient as the capability of the struts.
Because of this spans would be limited to five
or six bays [approximately twenty to twenty-fourFigure 96 feet, or two floors] as an infill system with a pri-
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mary supporting system transmitting the loads
to the foundations.
3.3 Interdisciplinary Design Process
Because this research topic essentially com-
bined adapted technologies from several differ-
ent disciplines an interdisciplinary approach was
adopted. The broad range of subjects re-
searched including architectural and product
design, material sciences, structural and me-
chanical design, etc. necessitated direct contri-
butions from members of each specialty. In
addition, manufacturers were consulted on the
constructability issues of manufacturing, trans-
portation and erection. As a kit-of-parts design,
the result would be multi-purpose and multi-con-
figurational and elements designed by one spe-
cialty would have to be closely coordinated with
elements from several others if they were to func-
tion properly as an integrated assembly.
In following passage of the book StructuralGlass
15the authors describe the design process, which
shares certain similarities with the development
of the D.B.E., of the Serres or large glass enclo-
sures at La Villette in Paris. "It is important to
understand the design process used in the
Serres project to appreciate how it works. This
requires a clear understanding of the structure's
behavior and its architectural objectives, plus a
knowledge of the possibilities made available by
industry. Such constraints demand a rigorous
method of working and follow-up. The Serres is
not simply a good idea conceived and then com-
pleted in the abstract. It is the result of long
research into the behavior of glass, as well as
the fixings, the cables and the structures that
support it. The project evolved as understand-
ing grew wider and deeper. The results of each
design stage were compared with the aesthetic
and architectural objectives and the necessary
decisions taken accordingly. This type of de-
sign process is somewhat analogous to that for
industrial products such as aircraft, motor cars,
machinery and even skis." 16
Loosely following this procedure, (Figure 97) the
architect assumes the role of providing direc-
I..........-
.. ......
... _...... .. 
......V .
.....
--- -- -------- ---- .... T .....
............ I
.. .. .. ..
.. .. .. .. .. ..   .
.. .. . .. .
... .. . . .
Figure.. 97... ..
Figure 98
.I
)W&E. SrcEktL-2~
____ {i A-
.& .. _...4
015.
Figure 99
tion and organization to the research and as-
sembles the team that will amass the knowl-
edge and experience. (Figure 98) This was
made possible in the case of the D.B.E. by the
generous involvement of several faculty mem-
bers from different departments at MIT, involv-
ing student participation from several different
schools and disciplines and soliciting the advice
of active professionals. Complementing small
working sessions with various combinations of
team members, a series of team meetings where
design concepts were formally proposed and
critiqued formed the core of the interdisciplinary
process. These meetings were essential in
keeping everyone involved up to date and de-
veloping awareness that specialists, having a
thorough, but limited scope of knowledge, may
provide essential information that does not have
to be incorporated at the expense of other sig-
nificant input. They also provided a general
sense of sharing, cooperation and participation
that is imperative to the members of a creative,
Figure 100 energetic design team.
The following section is a rough chronology of
the concepts developed during the project, some
of which were used in the final product and some
of which were not. While research from the start
included kinematics studies to define the range
of necessary movements and architectural re-
search to identify appropriate spatial configura-
tions and system uses, this section will be de-
voted to the development of the frame and its
associated technology. This is included to give
readers a base of knowledge of what was at-
tempted before the selection of elements that
comprise the final system and to assist in di-
recting additional research.
Figure 101 Initial ideas about the research (Figures 99&101)
centered on a building system that used the
spanning capability of a space truss but could
produce universally variable forms ranging from
orthogonal to three-dimensionally curvilinear
geometry. This was adjusted to incorporate the
aspect of mutability, (Figure 101) which would
allow additional flexibility over a period of time
specifically with respect to user preferences and
climate changes. It was thought at the time that
both rotations of the nodes and translations of
the struts would be necessary to produce the
range of spatial variations and adaptable muta-
bility. A structural engineer made the observa-
tion from the initial concept sketches that a struc-
tural system that was designed to be inherently
rigid and stable would be difficult to mutate. This
realization provoked a geometric simplification
of the solution to a linear strut system that was
used in the final project. By eliminating the tri-
angulation, the system mutability could be stud-
ied without the complexity inherent in a three-
dimensional space truss. In addition to simpli-
fying mutability it also led to the fortuitous dis-
covery that the strut translations were unneces-
sary because the rotations in the nodes of the
frame produced translations in the system. In
addition to these initial simplifications, several
types of drive systems, including worm drives
and compressed gas, piston drives were being
evaluated.
The initial strut scheme (Figures 102-104) was
substantially more complicated than the final
scheme. It had two sets of double struts pinned
to a tapered outrigger. A closed loop of cable
ran from the ends of one pair of struts through
eyes in the ends of the outriggers to a drive unit
on the outrigger pinned to the ends of the sec-
ond pair of struts. By rotating the cable in either
direction the end of the struts would correspond-
ingly rotate to produce the desired shape muta-
tion. This scheme proposed to use the cable as
a load-bearing element and drive system of the
mutations. It was thought that the space be-
tween the two struts could contain the enclos-
ing system. Three problems with this scheme-
destabilization of the rotations due to the eccen-
tricity between paired pin joints, a limited maxi-
mum rotation of twenty degrees and the reduc-
Figure 103
Figure 104
Figure 105
Figure 102
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tion of the section between struts during rota-
tion that prevented insertion of the enclosing
system-eliminated further development.
The second prototype (Figures 105-109) modi-
fied the first concept by eliminating the paired
Figure 106 Figure 108 struts in favor of a single strut. The balance of
the previous design was maintained. It was pro-
posed that a single strut would eliminate two of
the three initial problems and that the enclosure
system would be attached to the outside of the
system. In addition, this prototype included
several lines of struts interconnected with
straight beam elements forming a plane. While
this design increased rotation of the struts to
the required ninety degrees and was relatively
stable, another problem was encountered. Dur-
ing rotations the outrigger, which splayed the
cables, was not rotating in proportion (maintain-
Lk ~ing a bisecting angular relationship) with the
struts. This tended to reduce the triangulation,
or affective section depth of the splayed cables
and therefore the system's load-bearing capac-
Figure 109 ity. While the cables could be fixed to the
outriggers by changing the fixed cable end con-
nection to another rotational device, this still
didn't ensure that the outrigger would rotate in
proportion with the struts. In addition, the lack
of triangulation in the parallel lines of struts which
resists lateral loading necessitated cross brac-
ing. Since the cross bracing resisted lateral load-
ing it could not change length to allow out of
plane mutations. This was the final strike against
this prototype, except for one additional attempt
to use it in a triangulated grid configuration.
(Figures 110&111) This concept failed due to
the large eccentricity between the two pin joints
that separated each paired set of struts that com-
pletely destabilized the system. A substantial
Figure 111 amount of space between two separate pin joints
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was necessary to allow accommodation of the
four additional pin jointed struts at the node of a
six-sided triangular grid. In retrospect, it would
have been interesting, with a functioning nodal
design, to study the affect this triangular grid
would have had on the mutability of the enclo-
sure plane.
The third prototype departed from the first two
by fixing the outrigger to the end of one strut in Figure 112
the paired system. Initially the outrigger was
designed as a straight element perpendicular to
the strut. With this scheme the cable didn't need
to be fixed to the outrigger ends, similar to the
first and initial second prototypes, but the re-
duction of the affective section was still a prob-
lem, especially in the fully rotated position. In
reaction to this the outrigger design was modi-
fied into a wheel configuration that would main- Figure 114
tain the same triangulated section in any posi-
tion.
A fourth prototype (Figure 112) radically departed
from the third with a change of materials. Car-
bon fiber was substituted for the struts, which .
were previously modeled as steel. This deci-
sion was made to facilitate simplified fabrication
of the more curvilinear form of the strut with at-
tached circular outrigger and to reduce the
weight of the system. (Figures 116&117) The
asymmetrical, curvilinear designs of carbon fi-
ber mountain bike frames (Figure 113) inspired
this departure. In this scheme the strut with the Figure 116
rounded end was pinned to another identical strut
and a closed loop of cable was secured to the
tapered end of one strut and wrapped around
the circular end (the outrigger) of the second
strut. Initially this design had the same propor-
tional relationship between strut length and
outrigger length (approximately 3:1, or 4:1) as
the initial prototypes. This proportion is substan-
tially over designed (12:1, or 15:1 is more ap-
propriate in articulated, cable-stayed beams or
trusses) and with the relatively solid, monolithic
form of the carbon fiber element it made sense
to increase this proportion. The curved portion
of the strut was reduced and the tapered end
elongated. The newly proportioned section (Fig-
ures 114&117) almost eliminated the triangula- Figure 117
Figure 113
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tion of the effective section between the strut
and cable. During this phase of the process it
was also discovered that the cable required a
small length change to accommodate the rota-
tion of the strut. Therefore, the adjusted propor-
tion and the necessary change in cable length
virtually eliminated the possibility of using it as
a load-bearing element of the design even if a
spring was added to accommodate the length
change.
Based on the elimination of the cable as a load-
bearing element and the fact that a geared sys-
tem could be set into the wider end of the strut,
the cable and outrigger concept was scrapped
altogether in the fifth prototype. (Figure 119)
This vastly simplified the mechanics of the de-
sign, eliminated structurally ineffective elements
and made attachment of the associated enclo-
sure system much simpler. A small change
was made to this prototype, eliminating the
broad end and tapered section of the carbon
fiber strut in favor of a straight cylindrical sec-
tion with stainless steel male and female end
nodes. This change allowed a simple pultruded
section to be used instead of the more com-
plex, expensive tapered section and permitted
a variety of node designs to be used inter-
changeably, thereby increasing the total flexibil-
ity of the system. With this change the final
strut design was adopted.
A final series of major refinements was made to
the strut assembly through the development of
the planar aspects of the system and the con-
nection between lines of struts. (Figure 118)
With the development of the fourth prototype it
was thought that the lines of struts would be
connected one to another in the same orthogo-
nal method used by the second prototype. The
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reason for this assumption was the desire to
avoid the incredible degree of mechanical com-
plexity created when one triangulated frame ro-
tates about another. While the orthogonal con-
figuration functioned properly in planar muta-
tions, it didn't allow the bi-planar mutations re-
quired in a three-dimensionally mutable enclo-
sure. An initial attempt at triangulation connected
two lines of struts at one end and splayed them
at the other creating triangular bay. This con-
figuration was never modeled, but it was sup-
posed that there would be mechanical difficul-
ties due to the triangulation. In addition panel
enclosure systems couldn't be affectivity used
with it because of the cost of triangulating the
panels and the drive units on two sides of a rela-
tively small bay were redundant. The illusive
trick was to triangulate the frame without trian-
gulating the rotating line of struts. A re-adop-
tion of the previous outrigger system solved the
puzzle. Instead of using the outriggers in the
section of the struts, they were projected out from
the sides of the line of struts in plan. If the lengths
of the outriggers were varied in a triangular con-
figuration and secondary, small-sectioned beams
were pinned to the ends of the outriggers they
would tie the line together in a triangular con-
figuration without affecting the linear nature of
the strut rotations. The redundant drive units
could be eliminated. In this configuration, the
lines of struts are pinned together in only one
location, allowing the sections of frame above
and below this connection to rotate indepen-
dently-permitting bi-planar mutations.
3.4 Prototype Building Designs
The following section includes representatives
of two prototype building designs utilizing the
system.
The first scheme is a small detatched dwelling
or-'ffice using the D.B.E. system in a barrel vault
configuration.
The second scheme applies the D.B.E. system
to an existing facade of a mid-rise office build-
ing.
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4.1 Introduction
As a new paradigm, the appropriateness and
viability of the Dynamic Building Enclosures
system in providing an economical, efficient
solution to a well-defined problem (or set of prob-
lems) is a central issue of the research. The
method of evaluation is crucial if the result is to
be considered a credible basis for further de-
velopment. Based on this assessment, two
forms of evaluation, physical modeling and com-
puter simulation, were used concurrently to test
the system. Since the D.B.E. is a kit-of-parts
multiple-use building system it may be combined
in many different configurations for use in di-
verse contexts. Therefore, a lucid understand-
ing of its performance is necessary to define
clear limits to its potential uses. This issue is
addressed by evaluating the system and test-
ing it against a set of performance goals, previ-
ously mentioned in section 1.2, in the following
three categories: 1.) Systemic and Spatial (Fig-
ures 120&121), 2.) Static and Technological
(Figure 122) and 3.) Environmental. (Figures
123&124) Each of these categories is briefly
described below.
The systemic category will assess the function-
ing of the components as a harmonious inter-
connected assembly. Areas of this category
include potential uses, the efficiency of the com-
ponent organization, its growth and flexibility.
Another area being evaluated in this section is
the system's ability to be used in conjunction
with other pre-existing building systems, or in-
dividual components. A series of diagrams and
matrix of plan morphologies is included as a
demonstration of this evaluation.
The spatial and geometric category assesses
Figure 120
the degree of motion and limits ofmutability that
the system will permit. A definition of the diver-
sity of shapes and configurations are the ulti-
mate goal of this section. Several representa-
tive section configurations with geometric and
ergonomic analysis, forming a reasonable range
of mutability, will demonstrate this definition.
Static and technological aspects of the system
include its structural integrity and constructability,
including manufacture, transport and erection.
A very large component of this evaluation was
carried out through the verification of strategies
by physically modeling them. In addition, two
computer simulation products were used, Figure 125
Multiframe" and Phoenics' 9.
Environmental performance, an important locus
of the research, is an extremely large area and
due to time and resource constraints was se-
verely limited. Areas that were considered in-
clude wind loading, natural ventilation, natural
day lighting, acoustic and thermal performance.
Simulations were performed to test wind load-
ing with CFD and day lighting with lightscape20. Figure 126
The balance of the environmental categories was
tested with simple numerical calculations and
comparisons. The energy usage of the system
in terms of input versus output concludes this
section.
4.2 Systemic and Spatial Performance
4.2.1 Diverse Configurations and
Spatial Flexibility
The D.B.E. is an adjustable kit-of-parts building
system (Figures 125&127) that may actively
change its shape delivering an extremely broad
and efficient variety of configurations. Efficiency
is, in this case, achieved by the limited number
of relatively simple components necessary for
articulation. Due to the separation and clear ar-
ticulation of the linear mutable struts from the
variable length stabilizing outriggers (Figure 126)
orthogonal, triangular and three-dimensionally
curvilinear configurations are accommodated.
Users may select components to create several
regular grid plan configurations including I- Figure 127
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shapes, L-shapes, C-shapes, Z-shapes, H-
shapes and O-shapes. (Figure 128) By vary-
ing the outrigger lengths any of these configu-
rations may be further deformed into asymmetri-
cal configurations. This degree of flexibility, not
including the mutability, allows the customization
of building form to almost any program. It must
be noted that physical modeling at one-eighth
full-scale indicates that the outriggers with vary-
ing lengths function properly in a simple I-shape
barrel vault configuration; the other shapes re-
main untested. In addition, while this degree of
flexibility seems beneficial, further kinematics
and ergonomics studies may indicate that sim-
plifications and limits are reasonable.
The mutability accommodated by the system
Figure 129) in its present form is sufficient to
accomplish the set range of program goals.
Flexibility through the mutations therefore ex-
tends the range of program fit into the dynamic
realm. Architectural design must take into con-
sideration a perimeter that moves in and out,
up and down within a predefined range. Open
plan configurations with flexible, movable parti-
tions and furniture would be a logical counter-
part to the mutable surfaces of the enclosure.
The D.B.E. system properly integrated with
these partitions and furnishings simply and ef-
fectively responds to the changng use of spaces
within buildings on a daily or even hourly basis.
Grammar school rooms, for example, are used
as painting studios and lecture halls in the mom-
ing, then recess play spaces and sometimes
napping during the afternoon. In a similar man-
ner, community centers have multiple-use func-
tions that could be actively accommodated with
ease. Providing a building system that adapts
to the needs of each of these program uses,
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not to mention the range of changing program
requirements in residential, commercial and rec-
reational typologies was essential to the system.
The understanding of the kinematic aspects of
the system has made a great deal of progress.
When the D.B.E. was initially developed, the
concept was based on an understanding that
shape plays an important role in the performance
of built spaces. In addition, it was thought that
using the system as an enclosure, instead of an
interior space defining element, would have a
positive affect on the environmental performance
of the built space. While these benefits seemed
reasonable, the specific types of motions re-
quired or the technology necessary in providing
them was unknown. Based on developments
in studying the ergonomic relationships created
by various movements; identification of param-
eters of what constituted comfortable, functional
spaces and evaluating various technologies, the
system mutations were limited to a range of 180-
degree rotations (90-degrees clockwise and 90-
degrees counterclockwise) at each node. These
limitations seemed additionally appropriate
based on the fact that nodes were subjected to
disproportionately high levels of stress when they
rotated more than 90 degrees and highly angu-
lar configurations produced no tangible spatial
benefits. Mutability, as a range, is ultimately
defined by the properties of the enclosing sur-
face. While bi-planar mutability21 may be ac-
commodated with a membrane, the special na-
ture of this currently unavailable membrane se-
verely limits its potential usage and therefore
development. Panels, in contrast, may be se-
lected from a range of currently available sys-
tems, but do not provide bi-planar mutability.
These realizations have had a guiding affect of
the design of the system and continued research
will surely provide additional limitation param-
4.2.2 Diverse Scales of Use
Because the system can enclose a variety of
surfaces, such as a roof, wall, canopy, (Figure
131 &1 32)or freestanding autonomous structure,(Figure 133) it has many potentially diverse
scales of use. The structural ability of the
outriggers to resist gravity loads additionally al-
Figure 129
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lows the system to be used upright, accommo-
dating mutability in plan. This makes the sys-
tem appropriate for mid-rise facades (Figure 130)
and especially double skin facades. The device
that permits use in different scales, more effec-
tively than any other, is the additional primary
supporting system. With this simple addition,
attached at the outrigger nodes, the spanning
capabilities of the system are multiplied many
times. In addition, this concept effectively ar-
ticulates the enclosure in large-scale uses as a
series of inter-connected panels, permitting af-
fective zoning of structure and mutations. It must
also be noted here that while a primary struc-
tural system supporting the gravity loads of an
enclosure system is not a new concept, it has
not been physically modeled or tested with the
D.B.E.
4.3 Static and Technological
Performance
4.3.1 Supporting System Efficiency
The spanning capabilities of the struts and
outriggers partially define the limits of the sys-
tem configurations with respect to layout. These
limits have been maximized to the material prop-
erties of the components with some concessions
made for coordination with pre-existing enclo- Figure 130
sure systems and ease of transport and manu-
facture. The main concession in the structural
design is the adoption of a universal
node that, paradoxically offers the major ben-
efits of being extremely convenient to manufac-
ture and erect. This node provides a focal point
for the internal forces of the system. Since the
system achieves mutability by rotating the nodes
at varying angles, stress levels in these nodes Figure 131 Figure 132
are also variable and each node must therefore
be designed to resist the maximum level in the
predefined range. Although this was a conve-
nient start point, additional research has sug-
gested that more acute bends generally occur-
ring close to the ground must resist larger loads
and higher levels of stress than nodes close to
the top of the frame. This may lead to the adop-
tion of slight variations in nodal design increas-
ing the efficiency of the structure. Based on
these developments the four-foot square grid Figure 133
66
IC 04
67
for the panel system and triangulated membrane
system are the maximum strut spans. The
Figure 134 twelve panel model [arched] system, with the
struts resisting gravity loads, is an example of
an optimal design in the sense that the material
and sectional properties utilized are simulta-
neously sized to minimize weight and withstand
the required range of loading conditions in any
of the allowed spatial mutations. Minimizing
weight was a critical aspect of achieving this
efficiency, optimizing mechanical performance
and permitting erectionwithout a crane. The use
of carbon fiber as the strut, the largest compo-
nent in the design, was a key developmentin
the accommodation of this goal and allowed
theweight to be reduced to approximately one
fifth the value of another comparable structural
material. The miniature motors had a similar
affect and also reduced bulk and noise.
Redesigning and re-sizing the components (in-
cluding the drive units) could increase these,
but it was decided that larger span uses would
be accommodated through the addition of a
larger, static supporting system. This decision
was made to avoid redesigning the system for
every use that would violate the design and for
manufacturing efficiency which is essential in
the concept. In the same way, smaller spans
could be accommodated, but are considered un-
necessary due to the tight ergonomic fit pres-
ently provided by the system.
The system has been computationally tested in
Multiframe simulations of several configurations,
with varying loading conditions. (Figures 134-
137) The results of these simulations are prom-
ising. A program of additional simulations, physi-
cal modeling and structural load testing of full-Figure 136 scale prototypes, however, will be necessary to
verify performance over the entire range of mu-
tations. In addition, no testing of the structural
performance during rotation and mutation has
been attempted. This is an area of testing that
is critical to ensure the proper, safe functioning
of the system, but beyond the scope of this re-
search. The mechanical design of the system
has been conceived to ensure certain safety
measures. The nodal drive units do not support
the system if they are not rotating, instead the
support is provided by the locking mechanism
which doesn't require continuous power input.
In addition, the nodes have safety breaks simi-
lar to those used in elevator cars, which arrest
motion during power failures or mechanical prob-
lems. Although the system obviously needs a
great deal of additional testing in this area, it is
the intention of the author that a logical and ap-
propriate level of development has been pro-
vided to indicate feasibility.
4.3.2 Sustainable use of Materials and
Energy
Although carbon mining and steel mill produc-
tion are generally not considered ecologically
beneficial, the relatively small amounts of car-
bon used in the D.B.E. in comparison to most
steel frame buildings being built today is quite
economical and efficient. The pultruding pro-
cess of the carbon fiber struts essentially uses
small amounts of fibrous carbon (Figure 140)
and weaves it into a geometrically stable, highly
efficient configuration. The more solid form of
carbon steel (stainless steel in the D.B.E.) is only
used in smaller members and at the nodes be-
cause of the concentration of stresses which the
carbon fiber is not well suited to resist. Another
sustainable aspect of the D.B.E. design is the
ability for its modular, adjustable components
to be used and re-used in a variety of different
situations. (Figure 138) The usable life span of
the corrosion resistant frame components would
presumably be longer than the standard fifty
years assigned to most steel frame buildings.
This might otherwise be considered a liability to
future changes, but because the strut sleeves
allow a diverse range of nodal designs these
elements could easily be moved around into new
configurations or reused in another building.
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eters, making the system more efficient and vi-
able.
4.3.3 Kit-of-Parts Industrial Manufac-
turing
All of the D.B.E. components (Figure 141) would
be-manufactured in a controlled factory environ-
ment that would provide many benefits to us-
ers, fabricators and constructors. Manufactur-
ing standards of precision, uniform finishes, high-
quality control of dimensions and material stan-
dards could only be assured if produced in a
factory environment. This is due to the ability of
factories to control climate conditions and uti-
lize special machinery and processes that are
not feasible on a construction site. In addition,
factories are safer places to work than building
sites and generally provide more stability to their
labor force than the intermittent opportunities
provided by the traditional building industry.
Through the use of ComputerNumerically Con-
trolled (CNC) machining and flexible manufac-
turing techniques small factories could efficiently
produce on-demand components customized to
each unique project. (Figure 143) There are pros
and cons to both large centralized production
plants or small local facilities. The decision to
adopt one approach over the other would de-
pend on product demand, the potential for ap-
proval of the system by a nationally preemptive
code, work force distributions, transportation
costs and many other factors. One consider-
ation that is unique to the D.B.E., the highly spe-
cialized work force which would be required to
erect the system, would also need to be consid-
ered in the distribution of manufacturing facili-
ties.
4.3.4 Site Erection Strategy
While erecting the lightweight frame (Figures
145&147) would be a relatively simple proce-
dure, the integration of mechanical and control
systems with the associated wiring and sensor
network will have to be performed by highly
trained, responsible individuals. This is an area
where portions of the performance goal of
simple, low-skill and time-efficient site erection
has not been met due to the complexity of inter-
Figure 138
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connected systems. Since the components of
the system are prefabricated assemblies, how-
ever, the time spent on the site would be mini-
mal. In addition, a few individuals without the
use of a crane or scaffolding would, in most
cases, be sufficient to erect the small, lightweight
component assemblies of the D.B.E. Prefabri-
cating the struts as assemblies including all the
mechanical and electrical components would re-
move a large percentage of specialized elec-
tronic work from the building site. These struts,
perhaps delivered in assemblies of three or four,
would be folded into compact configurationsand
have plug-in electrical connections at the ends
to link adjacent sections. In the same manner,
membranes and panel assemblies could poten-
tially be delivered with their associated sensors
and wiring. It is also a reasonable assumption
that the mechanical systems provided on the
frame will be capable of significantly assisting
in the erection process. Once the frame is in
place the enclosure system would be added to
complete the assembly.
4.4 Environmental Performance
Environmental performance is an extremely im-
portant section of the performance evaluation
and locus for this research. A great deal of test-
ing and evaluation is required to establish cred-
ible environmental performance on any project,
or building component. This phase involves
many different consultants, highly specialized
equipment and accurate models and production
prototypes. The complexity of testing a mutable
surface in changing environmental conditions is
even more formidable. Due to time and resource
restrictions this section was limited to a simpli-
fied study of wind loading and lighting control.
Thermal performance, control of natural venti-Figure 148
lation, indoor air quality and acoustics will have
to be studied in detail if this research is contin-
ued in the future.
There are several capabilities of the D.B.E.
which suggest that occupants would benefit from
the dynamic control of environmental parameters
accommodated by the system. An interesting
byproduct of the mutating surface of the enclo-
sure is the reduction of area inside the enve-
lope. The cross sectional studies (Figure 149)
illustrated in section 4.2 demonstrate that the
transformations of the twelve-panel arched sys-
tem into a rectangular configuration reduces the
interior area by thirty-percent. A minimization
of volume at night in a cold environment could
substantially reduce the operating energy re-
quired to heat the spaces. At the other end of
the climate spectrum, in hot, humid climates the
ability of the system to increase the total height
of spaces and create openings in various places
could generate a stack effect (Figures 153-155)
to promote natural ventilation. In addition, this
stack effect, or wind-driven ventilation could con-
ceivably be directed and focussed by the enclo-
sure to specific areas of the interior.
4.4.1 Acoustics
Acoustic characteristics of spaces enclosed by
the system would also fall under its dynamic con-
trol. Three variables which could be affected by
the mutations include reverberation time, diffu-
sion and reflectance patterns. Reverberation
time (Rt) 22 is directly proportional to the spatial
volume and affects speech intelligibility or the
tonal quality of music. In other words, if the vol-
ume of a space is reduced, the reverberation
time is reduced and it becomes easier to under-
stand speach. The high ceilings and large vol-
umes of concert halls have long reverberation
times and, therefore, provide better environ-
ments for music. Diffusion and focusing are also
affected by the specific geometry of the surfaces
surrounding a sound. Since the D.B.E. can
change the volume and height of interior spaces,
and the shape of the enclosing surface, direct
control of these variables is achieved. One as-
pect of the spaces enclosed by the D. B. E. which
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would require some attention is the control of
sound transmission between spaces. With the
open plan interior configuration necessary to
allow the spatial mutations and movable parti-
tions the traditional method of sound proofing
by providing spatial isolation is not possible.
Alternative forms of control, providing sound ab-
sorbing surfaces on movable partitions, or floor-
ing panels may be considered. Considering the
substantial number of available sound absorb-
ing products and the potential benefits of an
open plan configuration, this consideration need
not be considered problematic.
4.4.2 Reduction of Wind Loading
The enclosure surfaces of buildings act essen-
tially as sails when they are oriented perpen-
dicular to the prevalent direction of the wind.
While careful siting and minimization of surface
area with this disadvantageous orientation are
possible, additional structural framing or wind
bracing are generally required to resist the force
of the wind. Due to the affects of several natu-
ral phenomena, the higher the building enclo-
sure, the more extreme the loading on the sur-
face. Traditional static building enclosures re-
sist lateral wind loading through the framing com-
ponents of the enclosure system and then trans-
fer it into the primary supporting system of the
building. The pressure value of this loading may
be reduced by altering the shape of the enclo-
sure to minimize surface area that is perpen-
dicular to the prevalent wind direction. This fact
has been established through the study of fluid
mechanics and put into practice on many build-
ings. While aspects of this approach have been
successful, shapes such as tapered sides or
rounded corners have a limited capacity to re-
duce loading. These shapes are generally quite
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subtle and changes in the prevalent wind direc-
tion or micro-climate turbulence affects require
shifts in form that the static enclosures are not
capable of delivering. The D.B.E. system, in
contrast, has the ability to actively modify its
shape and when equipped with a sensor net on
the enclosure surface would additionally have
the ability to sense shifts in wind speed and di-
rection and adjust the shape to minimize load-
ing. Since it has a surface independent of any
connections to interior partitions or multiple floors
the shapes it may generate to reduce wind load-
ing may be less subtle than conventional sys-
tems and thus more affective.
Three simple computational fluid dynamics simu-
lations in Phoenics were used to evaluate the
affects of the shape of the enclosure on load-
ing. (Figure 156) These shapes were derrived
to study the ability of the system to accommo-
date the tapered forms generally considered to
be aerodynamic and capable of reducing drag
or loading. A twelve panel rectilinear configura-
tion was used as a control example of a con-
ventional single story building. While the D.B.E.
may provide this shape it is not limited to it, and
would not maintain it during heavy wind load-
ing. The second file was a twelve-panel arched
configuration and the third file has a wing con-
figuration produced to minimize surface area per-
pendicular to the prevalent wind direction. All
three files had identical environmental param-
eters and plan configurations. It was interest-
ing to discover that the most influential factor in
reducing the maximum pressure value was the
reduction of height. This is why the pressure
value is lowest on the rectilinear configuration.
While it is true that the least aerodynamic con-
figuration had the lowest maximum pressure
value, when a cumulative accounting of pres-
sure values along the entire surface area of the
fagade is computed, the total pressure of the
wing configuration is considerably less. Although
this proves that changing the shape of the D. B. E.
will reduce lateral wind loading, the three-dimen-
sional effects of the wind still remain to be evalu-
ated. The critical aspect of this performance
which may be completed in subsequent research
is how much the system can reduce dynamic
Elevation: box configuration
Elevation: arch configuration
tievation: wing con
Figure 156
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shape to minimize loading. Since it is a surface
independent of any connections to interior par-
titions or multiple floors the shapes it may gen-
erate to reduce wind loading could be less subtle
than conventional systems and there more af-
fective.
Three files were produced in Phoenics to evalu-
ate the affects of the shape of the enclosure on
loading. The first is a rectilinear configuration
produced by the twelve-panel model building.
This was used as a control example of a con-
ventional single story building although the
shape presented is one that the D. B. E. can ac-
commodate. The second file has the twelve-
panel arched configuration and the third file has
a wing configuration produced to minimize sur-
face area perpendicular to the prevalent wind
direction. The objective of this simulation was
to discover what effects the shape changes of
simple extruded three-dimensional forms had on
the loading of the enclosure. All three files had
identical environmental parameters and plan
configurations. It was interesting to discover
that the most influential factor in reducing the
maximum pressure value was the reduction of
height. This is why the pressure value is lowest
on the rectilinear configuration. While this is
true when a cumulative accounting of pressure
values along the entire surface area of the
fagade is computed, the total pressure of the
wing configuration is the lowest. Although this
proves that changing the shape of the D.B.E.
will reduce lateral wind loading the three-dimen-
sional effects of the wind still remain to be evalu-
ated. The critical aspect of this performance
which may be completed in subsequent re-
search is how much the system can reduce
dynamic loading and to what extent the
frame may be minimized as a result.
Plan: arch configuration
loading, how these movements would affect oc-
cupants and to what extent the frame may be
minimized as a result.
4.4.3 Lighting
Interior and, to some extent, exterior lighting lev-
els may be effectively controlled by the system.
Because the enclosure surface is capable of
three-dimensional mutations, it can track the
arched path of the sun. This capability could be
used to maximize or minimize light penetration
or to optimize the angle of solar PV panels on
the enclosure surface. The surface could ad-
just its orientation throughout the day to opti-
mize a desirable shading pattern. Due to the
ability of the membrane to open its side walls
like an awning, this shading pattern could be
extended to exterior areas adjacent to the build-
ing. When the side walls are open, light is al-
lowed to enter, but direct penetration of the suns
rays may still be regulated. Total darkness could
be achieved in a closed configuration, depend-
ing on the selection of end wall materials. Al-
lowing light to enter in this manner could pro-
vide an entire wall of windows without the po-
tential security and thermal considerations nec-
essary in a conventional glass wall. One addi-
tional advantage that the system may support
is the inclusion of lighting fixtures along the lines
of struts. Lighting attached in this area could
either provide generall illumnation, especially
between the surfaces of a membrane configu-
ration, or controlled task or spot lighting.
A demonstration of this lighting control was ac-
complished using Lightscape. (Figure 157) Two
different configurations, a barrel vault with closed
sides, and one with two open sides, were mod-
eled and rendered to illustrate the diversity of
lighting levels obtainable.
Figure 157
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CONCLUSION /
lilagg:i iR i5.1 Summary
This section of the chapter includes a brief dis-
cussion of the appropriateness and viability of
the topic and a summary of the process of re-
search. Section 5.2 will outline some sugges-
tions for future research.
The work scheduled for this research effort was
enormous in scope and continuously posed un-
usual technical and systemic challenges. The
addition of movement to building enclosures fun-
damentally changes all aspects of the present
notion of built space. It presents an opportunity
for building design to undergo a revolution which,
in some respects, is comparable to the affect
that Einstein's theory of relativity had on
humankind's notion of the universe.
Dynamic Building Enclosures (Figure 159) re-
late and respond to site climates and user pref-
erences on an unprecedented level. This repre-
sents an incredible range of tangible benefits
including increased user comfort, flexibility, re-
sponse to special programmatic spatial require-
ments, adaptability to diverse configurations and
site contexts and economical energy efficient en-
vironmental performance. The geometric adapt-
ability of the system with its incredible range of
configurations and diversity of enclosing materi-
als provide the opportunity for wide spread use
which would be healthful to inhabitants and con-
textually beneficial to building sites. There is little
doubt that the use of this system would produce
a host of psychological and physiological effects.
Although some effects may be undesirable, un-
derstanding them is important and should not
impede additional development. While the find-
ings in this research support a substantial range
Figure 159 of benefits achieved by the system, the level of
complexity in further developing it must also be
taken into consideration. The fact remains that
the United States building industry is already
constructing designs for Sport facilities and cul-
tural centers which have simplified dynamic el-
ements that indicate a fertile environment for
more expansive development and use.
As indicated in section 3.3 the interdisciplinary
team approach was essential in the design pro-
cess of the Dynamic Building Enclosures sys-
tem. Since the topic was selected in part to
explore an area that required the synthesis of
several diverse fields of study, it could not have
been accomplished as an individual effort. While
the task of managing the team was at times in
itself difficult, the group contributions and ex-
change of information was invaluable and pro-
vided the means to achieve a well-balanced de-
sign. The team was comprised of faculty mem-
bers from two departments at MIT, the author,
two mechanical engineering undergraduates, a
Boston Architectural Center student and a
Harvard architectural student. The task of or-
ganizing the efforts of the individuals and bring-
ing them together for review meetings proved to
be an especially difficult aspect of the work.
While many departments at MIT encourage col-
laboration, the working reality offers many barri-
ers. Faculty time constraints, a tendency to-
wards extreme specialization and the diverse
and sometimes conflicting demands of individual
departments deny success to all but the most
tenacious organizers. The program of devel-
opment adopted by the D.B.E. team took ad-
vantage of some exposure to mechanical, elec-
trical and civil engineering disciplines provided
by the architecture department. It must be noted,
however that provision of additional resources
from material sciences, computer sciences, psy-
chology, and economics, which could become
a goal of the Building Technology Program,
would also be necessary in any truly synergetic
architectural research project.
Drawing, physical modeling, (Figure 160) com-
puter simulations (Figure 161) and meetings with
consultants were used concurrently to guide de-
velopment of the project. Computer simulations Figure 160
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were used to understand stresses in the mem-
bers and aid in sizing components, evaluate air-
flow characteristics and study lighting. While
they provided a substantial amount of relatively
quick, accurate information and guidance, ex-
treme care must be taken to ensure accuracy
of the input information. On several occasions,
structural simulations and drawings suggested
a particular aspect of the design functioned prop-
erly only to find that in the model it was prob-
lematic. For these reasons, the physical mod-
eling was the most effective measure of perfor-
mance of the D.B.E. design at this early stage
of its development. Models were particularly
effective because they could physically test the
ability of the system to mutate. The models
became a source of information to constantly
remind everyone involved that this building en-
closure moved and how important that consid-
eration was to the design. These events pro-
vide conclusive proof that the D.B.E. challenges
many deep rooted, fundamental precepts of
building enclosures and the spaces they form.
5.2 Suggestions for future research
The topic of dynamic building enclosures is a
rich area of emerging interest. Somewhat sim-
plified built examples of these enclosures have
been realized in the recent novel efforts of de-
signers such as Jean Nouvel, Santiago
Calatrava, Charles Hoberman and the general
acceptance of dynamic roof structures over
sporting facilities. Research, with continued
demand, will undoubtedly continue. While it is
obvious that the technologies to develop these
systems either already exist, or are readily ob-
tainable, the current level of sophistication is
underdeveloped. In addition, systems in useFigure 161
generally provide a dynamic response to one
task, controlling light penetration, raising, or low-
ering the roof, etc. A more synergetic and dy-
namic response to many of the tasks a building
enclosure must perform would be a more fruitful
area of continued research, especially in the
academic environment. The concept of the en-
closure, as a regulating transition between the
exterior and interior environments, providing
supplemental conditioning to the healthful natu-
ral environment is a prospect that could simul-
taneously reduce global pollution, increase hu-
man comfort and reduce reliance on non-renew-
able energy resources.
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1 Feininger, A., Forms of Nature and Life, Viking Press, New York, 1966, p. 19
2 Abel, C., Evolutionary Planning, Architectural Design, December, 1968, pp. 563-4
3 Lonberg-Holm, K., Time Zoning as a Preventive of Blighted Areas", Record and Guide, June 24,
1933, p. 6
4 residential wood platform frame with shingle roofing and wood, vinyl, or aluminum siding, commer
cial light-gage metal framing with built-up roofing and aluminum and glass curtain wall, or concrete
and masonry constructions
5 Wind loading increases relative to the distance from the ground due to the affects of drag by the
surface of the ground, plants, etc.
6 Heliotropism is defined as the rotational movement in plants.
7 Haptotropism is defined as the triggered movements in plants in response to contact with another
object.
8 Zuk, W. and Clark, R., kinetic Architecture, Van Nostrand Reinhold Company, New York, 1970,
p.14
9 Gray, H., Gray's Anatomy, Bounty Books, New York, 1977, p.1135
10 Zuk, W. and Clark, R., kinetic Architecture, Van Nostrand Reinhold Company, New York, 1970,
p.14
11 Lambot, I., Norman Foster Foster Associates Buildings and Projects Vol. 3 1978-1985, London,
Watermark, 1989
12 Lambot, I., Norman Foster Foster Associates Buildings and Projects Vol. 3 1978-1985, London,
Watermark, 1989
13 American Institute of Architects, The Encyclopedia of Architectue Design, Engineering and Con-
struction, Vol. 2
14 Zuk, W. and Clark, R., kinetic Architecture, Van Nostrand Reinhold Company, New York, 1970,
p.21
15 No new wiring technology is a special type of cabling which accommodates data signals in the
same wire used for electrical power.
16 Rice, P. and Dutton, H., Structural Glass, E&FN Spon, London, 1995
17 Rice, P. and Dutton, H., Structural Glass, E&FN Spon, London, 1995, p. 25
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18 Multiframe is a finite-element analysis computer simulation tool for structural engineers
19 Phoenics is a computational fluid dynamics (CFD) computer simulation analysis tool for mechani-
cal engineers
20 Lightscape is a radiosity rendering and analysis tool for lighting designers
21 Two-directional mutability, discussed in section 3.2, is an important program goal that allows
complete three-dimensional control of the mutable enclosure plane.
22 Reverberation time (Rt) is the time it takes a sound to decay sixty decibells
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Fig. 102 D.B.E., double strut prototype model
Fig. 103 D.B.E., double strut prototype model (detail)
Fig. 104 D.B.E., double strut prototype drawing
Fig. 105 D.B.E., single strut system prototype model
Fig. 106 D.B.E., single strut system prototype model
Fig. 107 D.B.E., single strut system prototype drawing (elevation detail)
Fig. 108 D.B.E., single strut system prototype drawing (section detail)
Fig. 109 D.B.E., single strut system prototype drawing (exploded axonometric)
Fig. 110 D.B.E., triangulated strut system prototype model (detail)
Fig. 111 D.B.E., triangulated strut system prototype model
Fig. 112 D.B.E., initial carbon fiber strut prototype drawing (plan and elevation)
Fig. 113 M ountah ble 6 ouire: Mountain Bike Action Magazine, April 1998, p. 27)
Fig. 114 D.B.E., second full scale carbon fiber strut prototype model
Fig. 115 D.B.E., first carbon fiber strut prototype model
Fig. 116 D.B.E., second full scale carbon fiber strut prototype drawings (plan & elevation)
Fig. 117 D.B.E., second full scale carbon fiber strut prototype model (detail of node)
Fig. 118 D.B.E., carbon fiber strut system prototype variations drawing
Fig. 119 D.B.E., carbon fiber strut prototype drawing
Fig. 120 O-shape plan configuration
Fig. 121 Section study of box configuration, geometry
Fig. 122 Multiframe moment diagram of wing configuration
Fig. 123 CFD analysis (Source: Chen Thesis, 1996)
Fig. 124 Lightscape simulation of arch configuration
Fig. 125 Drawing of Strut
Fig. 126 D.B.E. diagram, varying outrigger lengths to produce curved corner configuration
Fig. 127 D.B.E., model of line of struts
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Fig. 128 D.B.E., plan configuration variation diagrams. Showing basic shape at left, system
growth in the center and asymmetrical growth or transformations on the right.
Fig. 129 Section studies; box, arch and wing configurations (from left to right) and represen-
tation, geometry and ergonomics (from top to bottom).
Fig. 130 Mid-rise office tower with D.B.E. double skin fagade
Fig. 131 D.B.E., wall system diagram
Fig. 132 D.B.E., wall and roof system diagram
Fig. 133 Small detached residence or office with D.B.E. envelope.
Fig. 134 Multiframe moment diagram of double vaulted space with all ends of the lines of
struts being pinned connections
Fig. 135 Multiframe moment diagram of double vaulted space with end rows and two center
rows of the lines of struts being pinned connections
Fig. 136 Multiframe moment diagram of double vaulted space with end rows of the lines of
struts being pinned connections
Fig. 137 Multiframe analysis of various section configurations
Fig. 138 Cyclic use of kit of parts diagram
Fig. 139 Photo voltaic cell (Source: Compagno, A., Intelligent Glass Facades, Birkhauser,
Basel Switzerland, 1995, p.49)
Fig. 140 Carbon fiber sample (Source: MIT Department of Material Science)
Fig. 141 Microchip (Source: Morrison, P., Powers of Ten, Scientific American Library, NY,
1982, p.10-03)
Fig. 142 Stainless steel adjustable jaw rod fitting (Source: TriPyramid Structures, Inc., Pro-
motional materials)
Fig. 143 Kit of parts diagram
Fig. 144 D.B.E. diagram, sustainability
Fig. 145 D.B.E. diagram, procurement and site assembly
Fig. 146 Assembly of final prototype model
Fig. 147 D.B.E. diagram, component repetition in articulation of system
Fig. 148 D.B.E. diagram, assembly erection
Fig. 149 D.B.E. system configuration diagrams
Fig. 150 D.B.E. control systems diagram, manual control for user preference
Fig. 151 D.B.E. control systems diagram, automatic sensor control for environmental perfor-
mance
Fig. 152 Common house cat
Fig. 153 Section diagram showing design parameters for buoyancy-driven ventilation
Fig. 154 Graph showing change in airflow rate as height of space is increased
Fig. 155 Pie chart showing relative effects of design parameters on buoyancy-driven ventila-
tion
Fig. 156 CFD simulations
Fig. 157 Lightscape simulations, closed and open arch configurations (from left to right) with
renderings, luminance and illuminance analysis (from top to bottom)
Fig. 158 Automobile manufacturing plant with assembly line of robotic welders
Fig. 159 D.B.E. model of line of struts
Fig. 160 Early prototype of system, drawing of strut and final system prototype
Fig. 161 Lightscape analysis, Multiframe analysis and CFD analysis
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